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I. INTRODUCTION
β-hydride elimination (BHE), the [2 + 2] pericyclic hydride
rearrangement, is a well-established process frequently encoun-
tered in organometallic reaction mechanisms. BHE is an extra-
ordinarily prevalent reaction mechanism, and it is commonly
presented in reports,18 reviews,911 and textbooks.1216
Despite its literature precedence, more can be learned about
BHE, especially when heteroatoms are involved in the process.
This became apparent to us while we examined the details of the
Wacker process. Early reports on the Wacker process erro-
neously labeled the final oxidation step as a BHE from a [(1-
hydroxyethane-1-yl)PdCl] complex to form an η2-coordinated
aldehyde, [(acetaldehyde)PdCl]: PdCH(CH3)OH* f
H*Pd(CH(CH3)dO).12,1722 Our report onWacker oxidation23
and that of others24 investigated if BHE is a generally facile
process for coordinatively saturated ligands. We found this false.
For BHE from coordinated alkanes, we found expectedly low
barriers. For BHE from ligands with an alcohol functional group
at the β-position, we discovered prohibitive barriers insurmoun-
table in most chemical environments. A theoretical study on
Wacker-like side reactions in a palladium polymerization catalyst
also observed high barriers for this type of BHE; instead, they
attributed their oxidative side reaction to water-mediated depro-
tonation of a (2-hydroxyethane-1-yl)Pd complex, which also
yielded an aldehyde.25 This result surprised us, and we became
interested in the factors that lead to the increased barrier height
for β-hydride elimination from heteroatoms.
We have found another catalytic cycle in which β-hydride
elimination from a β-heteroatom is proposed to be involved. In
the “Hieber base reaction”, a process to create metal carbonyl
hydrides, aβ-hydride elimination from an ironcarboxyl complex is
proposed: [(CO)4FeC(O)OH*] f [H*Fe(CO)4] +
CO2.
26,27 We state the existence of this mechanism to illustrate
that authors will propose BHE from a β-heteroatom without
regard to its feasibility. Our hope is that our study will prompt
chemists to re-examine the likelihood of β-hydride elimination
from β-heteroatoms.
To begin, we should state that BHE from alkyl ligands on d8
metals such as Ni, Pd, and Pt is a well-understood process. The
necessary conditions for BHE are self-evident: a vacant coordi-
nation site on the H-accepting metal, a hydrogen atom bound to
a β-atom, and a near-planar geometry of the metal, R-atom,
β-atom, and the hydrogen whic h maximizes orbital overlap.13
Thorn and Hoffmann, who studied the microscopic reverse of
BHE, olefin insertion into a metalhydride bond, and subse-
quently Morokuma and co-workers were the first groups to
present orbital symmetry descriptions of the BHEmechanism for
β-alkyl fragments based on ab initio calculations.28,29 These
studies do an excellent job of describing, in a qualitative sense,
the molecular orbitals (MOs) that contribute to and facilitate
β-hydride transfer. Figure 1 is a reproduction of the orbitals
identified by Morokuma and co-workers. Morokuma identifies
the orbitals that define the agostic metalhydride interaction,
and he accurately describes the flow of orbital density throughout
the reaction coordinate. The σCH and σMR orbitals, their antibond-
ing counterparts, and their linear combination,Ψ3
TS, are especially
important because they define the active bonds during the BHE.
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ABSTRACT: Using density functional theory, we investigated detailed
aspects of the quintessential organometallic process, β-hydride elimina-
tion (BHE). In general, we find that most BHE processes from alkyl
functional group β-atoms are facile, while BHE processes from hetero-
atom functional groups (N and O) are prohibitively high in energy. We
present calculated molecular orbitals and atomic NBO charges obtained
from snapshots along reaction profiles to present a qualitative overview
for how heteroatoms adversely affect these processes. We discuss these
results to provide an illustration for how these processes proceed,
clarifying a sometimes oversimplified model for these reactions.
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When a heteroatom is introduced into the reactive portion of
the molecule, its lone pairs are introduced into the active set of
MOs. It is the role of theseMOs that has not been investigated to
date. This is not to say that β-heteroatom elimination has not
been studied. An important distinction must be made here. What
other groups call a β-heteroatom is actually the atom or func-
tional group at the γ-position. In conventional β-hydride elim-
ination, the γ-hydrogen is being shifted, not the β-carbon to
which it is initially bonded. We are interested in studying BHE
when the β-atom itself is a heteroatom. Several studies have
examined the energetic differences between γ-heteroatom elim-
ination and BHE on Pd(II) complexes with heteroatom func-
tional groups attached to the β-position of an alkyl ligand.3032
They found that γ-elimination was kinetically favorable when the
heteroatom groupwas a halide, but elimination of the γ-heteroatom
group was favorable when it was an alcohol, imine, or alkoxide.33
The position of the heteroatom is critical to its affect on BHE.
BHE's from square-planar alkoxo and amido transition-metal
complexes wherein the R-atom is O or N are well-known, and they
occur readily.3436 We aim to study the affect of a β-heteroatom on
BHE processes, something that has not been examined to date.
Other studies examined the role of the M 3 3 3H agostic inter-
action in Pd(CH2CF2H*) complexes: calculations have been
carried out on (2,2-difluoroethan-1-yl)Pd to measure the impor-
tance of electron donation from the CH σ-bond into the metal
vacant site. These calculations revealed that the electron-withdraw-
ing fluorine atoms were able to decrease the agostic Pd 3 3 3H
interaction and thereby raise the barrier to BHE.28 In a similar
manner the electronegativity of β-heteroatoms such as nitrogen and
oxygen might also weaken the agostic interaction. Furthermore, it is
possible that a lone pair on the β-atommight be able to stabilize the
vacant coordination site on themetal more so than the β-Hσ-bond.
Because our collective understanding of BHE failed to predict
that BHE from β-heteroatoms is more energetically costly than
BHE from alkyl groups, and because an MO treatment of BHE
from groups other than alkyl groups is largely missing from the
theoretical literature, we decided to study these systems in depth.
In particular, we want to examine the importance of the β-lone-
pairmetal interaction. Unfortunately, basic orbital symmetry
illustrations only go so far to elucidate BHE processes. Quantum
mechanics (QM) calculations are a valuable tool to extend these
illustrations and further illuminate key points; therefore, we have
used density functional theory to provide insight into BHE.
We present data showing that BHE from nitrogen and oxygen
heteroatoms is rarely energetically feasible.We report the enthalpies
of several BHE processes (in the gas phase and solvated in water),
tracing molecular orbitals and atom-centered NBO charges
along the [2 + 2] cyclization. From these data we present a
straightforward summary of events to explain the nature of BHE
processes.
II. CALCULATION DETAILS
We used the B3LYP flavor of density functional theory (DFT) as
implemented in the Jaguar 7.0 software package for all calculations. To
optimize geometries and calculate vibrational frequencies, we used the
popular B3LYP density functional with the Los Alamos electronic core
potential (ECP) basis set on metals, LACVP**, while using the 6-31G**
basis set on all other atoms. Subsequent single-point energies were
calculated with the more robust ECP LACV3P** and the 6-311G**++
basis set. We also used the PBF PoissonBoltzmann continuum
solvation method to simulate an aqueous environment (with ε = 80.37
and the probe radius set to 1.40 Å). Solvation energy corrections were
added to our normal enthalpies. This approach has been shown to be
useful in investigations on organometallic mechanisms.6,3741
Figure 1. Reproduction of the orbitals presented by Koga, Obara, Kitaura, and Morokuma.28
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Stationary points and transition states were found using the energy
gradient and density gradient converger algorithms available in Jaguar
7.0. We verified the authenticity of these states by ensuring that
stationary points and transition states had zero and exactly one calculated
imaginary vibrational frequency, respectively. Occasionally, we encoun-
tered small imaginary frequencies corresponding to localized rotational
mode contamination originating from the water ligand’s low rotational
barrier. We calculated energy profiles along this rotational mode to
ensure that the energy of this structure was not critically dependent on
this mode. That is, we verified that the rotation of the water ligand never
caused major changes in the structure of the molecule.
We investigated key characteristics of points along the reaction
profiles for BHE from three d8 transition metals: Ni, Pd, and Pt. The
structure template for this study is depicted in Scheme 1. We coordi-
nated three different saturated ligands to each metal: 1-methylethan-1-yl,
1-aminoethan-1-yl, and 1-hydroxyethan-1-yl. Note that in the last two
ligands a nitrogen or oxygen atom occupies the β-position, respectively.
In addition to the aforementioned ligands, our metals are coordinated to
ancillary aquo and chloride ligands. In this paper we provide information
for the isomer in which the chloride ligand is trans to the saturated
primary ligand.Water is coordinated to themetals in the cis position, and
the remaining cis site is left vacant in the reactants. This structure
template is depicted in Scheme 1. In the products the formerly vacant
site is occupied by the transferred hydride. We provide data for the cis-
chloro isomers in the Supporting Information. We effectively studied
variants on the reaction shown in Scheme 1.
We also carried out intrinsic reaction coordinate (IRC) calculations to
verify that the starting, transition state (TS), and ending structures were
the lowest energy path along the BHE reaction coordinate. At points
along these paths, we identified key orbitals involved in bond-making
and bond-breaking processes. Finally, we calculated NBO atomic
charges to provide a general picture of the electronic density around
each atom involved in BHE processes.
III. RESULTS AND DISCUSSION
BHE Theory.An empirical description of the BHEmechanism
already exists. From the experimental data, one finds that BHE
occurs most readily when a β-hydrogen is available on a transi-
tion-metal ligand and an empty coordination site on the metal
exists. Experiments have shown that BHE is most facile when the
system can adopt a planar conformation with respect to the
MRβ-H dihedral angle.34,42,43 Presumably, this is true be-
cause such a conformation maximizes orbital overlap between
the nascent MH and π-bonds.
Molecular orbitals from our Pd-based Wacker oxidation
system and its 1-aminoethan-1-yl and 1-hydroxethan-1-yl analo-
gues are prime examples of facile and prohibitive BHE processes.
From an inspection of each case’sMOs, and fromMOspresented in
other reports, we developed a template to identify the most
relevant symmetry allowed MOs for BHE.44 These MOs are
represented schematically in Figure 2.
[2 + 2] pericyclic rearrangements involve two key bonding
MOs: specifically, those corresponding toMH,MR,Rβ, or
βH bonds, depending on what point of the reaction coordinate
is being inspected. Figure 2a shows the progression of these
canonical orbitals as the reaction proceeds. In the reactant, the
two MOs of interest are the βH and MR σ-bonds. The two
product MOs that complete the [2 + 2] rearrangement are the
MH σ-bonding orbital and the Rβ π-bonding orbital. A
linear combination of the reactant and product MOs comprise
the MOs in the TS of this rearrangement. In Figure 2b we show a
linear combination of the two transition state orbitals, the sum of
which we call ϕBHE. In addition to these four canonical orbitals,
we considered a linear combination of transition state MOs that
would participate in BHE when a heteroatom is present: in
Figure 2c, orbitals corresponding to oxygen and nitrogen lone
pairs directed toward the metal compete for the vacant site with
the β-hydride, and we call this combination ϕBHE2.
With this template of reactive orbitals, we describe BHE in
qualitative terms. Calculated DFT data for specific examples of
BHE will now be interpreted in terms of this MO model.
BHE from Pd(II) Centers. We begin with the reactant com-
plexes that serve as starting points for β-hydride elimination
(Figure 3). Already, we find some distinguishable characteristics.
First, 1a has a well-defined agostic CHbond (rPd 3 3 3H = 1.78 Å)
into the Pd vacant site.
In contrast, the agostic bond between the β-H and Pd is not
present in either 2a or 3a ground state complexes (rPd 3 3 3H = 2.7
Scheme 1. Investigated β-Hydride Elimination Processesa
aNote that in each case the β-atom is totally saturated with hydrogen
atoms so that its valence is filled.
Figure 2. (a) Correlation diagram for the active orbitals in a conven-
tional BHE. (b) Linear combination of transition statemolecular orbitals
encountered when the “β” is an alkyl fragment. (c) Linear combination
of transition state molecular orbitals encountered for BHE when the “β”
is a nitrogen or oxygen atom.
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and 2.71 Å, respectively). Rather, there is a well-defined dative
bond from the lone pair of the β-heteroatom to the metal. Since
the lone pair is coordinated to the vacant site, the hydride is
rotated out of the plane of the PdRβ atoms.
To estimate the relative strength of these lone-pair interac-
tions, we calculated the energies of the 2a and 3a systems where
the PdRβH dihedral angles were fixed to be 0. The ΔH
values for these structures are given in Table 1, as well as the
relative enthalpies of the transition states and products of BHE.
For 2a the planar structure is 15.5 kcal/mol higher than the fully
relaxed structure with the lone-pair dative bond. For 3a, the
planar structure is 8.4 kcal/mol higher. It is interesting that the 3a
planar reactant is lower in energy than the 2a planar reactant.
This is probably due to additional back-bonding to the Pd from
the second oxygen lone pair. The preference for lone pair
interaction versus the agostic H-bond means that each structure
will have to undergo an Rβ bond rotation for BHE to occur.
Each product structure involves a Pd coordinated to an unsatu-
ratedRβ fragment. Given that the barrier to BHE from 1a to 1b is
so low, we would expect to observe this experimentally. Indeed,
there are multiple examples in the literature of these processes
occurring.5,10 The ΔH values for 2b and 3b are also favorable, but
in both cases the BHE barrier is high. The most stable products
for BHE from the 2a and 3a analogues are the η1-coordinated
species (iminoethyl-kN)Pd(H2O)Cl (2b) and (acetaldehyde-kO)Pd
(H2O)Cl (3b), rather than η
2-coordinated compounds.
Our TS calculations are consistent with our previous Wacker
oxidation results on alkyl systems. BHE from an alkane β-fragment
has a very low barrier: 1 kcal/mol for 1TS. This is consistent with
the results of previous studies on similar systems.23,33 These
barriers contrast dramatically with BHE barriers from amine and
alcohol β-fragments. The BHE TS enthalpy for 2TS is 26.6 kcal/
mol. For 3TS the barrier is 21.6 kcal/mol. Including the effects of
water solvation only slightly changed the barriers to 3.8 kcal/mol
for 1TS, 34.1 kcal/mol for 2TS, and 28.2 kcal/mol for 3TS,
showing that these barriers will not be substantially affected by
solvent effects. This is expected, because these molecules do not
have large changes in charge density distribution or net charge
throughout the BHE reaction coordinate. The transition state
geometries for 1TS, 2TS, and 3TS are given in Figure 4.
TS geometries linking the reactant and product structures
reveal a distinct peculiarity in BHE mechanisms. For 1TS, the Pd,
R-C, β-C, and H atoms all lie nearly syn-coplanar (θ = 1.3), in
accordance with the conventional BHE geometric requirements
outlined above. For 2TS, however, the Pd,R-C,β-N, andH atoms
do not lie in a plane. Rather, they orient themselves with a dihedral
angle of 21.1. A similar dihedral angle is present in 3TS, where
the Pd, C, O, and H atoms form a dihedral angle of 21.6. On the
basis of the large dihedral angles found in the reactant and TS
structures of 2TS and 3TS, there must be lone-pair interactions
between the β-N and β-O heteroatoms into the metal’s vacant
coordination site in the transition structure.
The MOs for these processes reveal the nature of both the
energetic barriers and geometries along the BHE reaction coordi-
nate. When “β” is CH2, ϕBHE values are nearly identical in the
starting and transition state structures. Energetically, ϕBHE in 1
TS
is only 1.0 kcal/mol greater than that of its corresponding
reactant orbital, and this energy difference in striking proximity
to the actual calculated barrier of 1.3 kcal/mol indicates that very
little electronic rearrangement needs to occur for BHE to take
place. The orientation of the orbital allows a planar geometry,
and good overlap between the hydride and Pd’s empty coordina-
tion site is maintained.
When the β-atom is N, as in 2, the most stable of the canonical
orbitals, ϕBHE2, is a linear combination of σMR, σCH, and dxylp
(see Figure 2c). No orbital in this case directly resembles the
ϕBHE orbital found in the alkane case. However, if the geometry
of the PdRβH dihedral angle in the reactant is forced to be
Figure 3. Calculated reactant, transition state, and product structures
for the Pd-based compounds.
Table 1. Enthalpies for the β-Hydride Elimination in
Scheme 1a
enthalpy (kcal/mol)
species reactant planar reactant TS product
1 0 1 (3.8) 5.7 (0.9)
2 0 15.5 26.6 (34.1) 0.5 (6.9)
3 0 8.4 21.6 (28.2) 2.6 (0.7)
4 0 31.1 26.5 (33.0) 2.2 (9.0)
5 0 16.6 37.4 (38.6) 18.7 (10.8)
6 0 5.8 (7.9) 3.5 (6.1)
7 0 25.5 35.3 (40.0) 5.3 (8.4)
8 0 6 28.3 (35.8) 3 (0.3)
aThe values in parentheses are solvation-corrected enthalpies. Where
planar reactant energies are provided, the Rβ bond is rotated so that
the β-H is forced into in the MRβ plane.
Figure 4. Transition state geometries for Pd complexes: (a) 1TS; (b)
2TS; (c) 3TS. The angles given are the dihedral angles PdRβH*.
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planar as in an ideal BHE, the ϕBHE orbital emerges, though the
artificially planar species is energetically destabilized by 15.5
kcal/mol. In this artificial geometry (artificial in the sense that it
does not lie along the intrinsic reaction coordinate), the overlap
between the hydride and metal d orbital is visibly weaker than
that for the alkane (rPd 3 3 3H= 2.21 Å) ϕBHE orbital. In 2
TS, we find
no orbital corresponding to ϕBHE. Instead, we find an orbital with
strong π-character orthogonal to the plane of the hydrogen
transfer (see Figure 5). This localized orbital resembles ϕBHE2 in
Figure 2c, wherein most of the density belongs to the forming π-
bond. These results imply that the energetic barrier to BHE from
nitrogen is due to the cost of breaking nitrogen’s lone pair
stabilization of the empty metal coordination site. We verified
this by taking 2a and 3a and rotating the Rβ bond until the
PdRβH angle matches this angle in 2TS and 3TS. In Table 2
we give the results of these calculations. For the Pd complexes the
cost of rotating the β-H into the TS geometry is a significant
fraction of the overall barrier to BHE in each case. Additionally,
the importance of the lone pair interaction is reflected in a
“twisting” motion of the imaginary mode in the TS. This character
arises from rotating the hydride into the PdRβ plane.
The alcohol β-group behaves much like the amine β-group. In
fact, the lone pair of oxygen forms a stronger bond to the metal
center, as is evident by the lack of any orbital containing
significant PdR bonding character in 3a. Again, we artificially
created a reactant compound where H is aligned with the
PdRβ plane to find the BHE orbital. This orbital has even
weaker PdHoverlap than that in the case of nitrogen (rPd 3 3 3H=
2.37 Å), and it is destabilized by 51.4 kcal/mol relative to the
ϕBHE2 orbital. This artificially planar structure for 3a is 8.4 kcal/
mol above the true ground state. The energy to rotate the hydride
into the TS geometry on the ground state potential energy
surface is a significant fraction of the TS barrier at 7.9 kcal/mol.
These results indicate to us that breaking the lone-pairmetal
interaction is a major contributor to the overall ΔHq value of
BHE. The imaginary vibrational mode of 3TS also has an OH
bond stretching component and a component that represents
rotation about the Rβ bond, and this is dissimilar to the linear
bond stretching found in ideal BHE imaginary modes.
An analysis of NBO charges along this reaction coordinate
provides more information about the nature of the hydride transfer.
BHE is traditionally thought of as a [2,2] pericyclic rearrange-
ment. By virtue of this category of rearrangement, charge should
be relatively conserved and should remain synchronous through-
out the rearrangement. That is, there should be minimal re-
arrangement of intranuclear charge. Table 3 contains informa-
tion about the atomic NBO charges for the reactant, TS, and
product complexes for the two different isomers of each variant.
For 1, the NBO charge on the hydride remains within 0.15e
between 1a, 1TS, and 1b. Surprisingly, the “hydride” in 1a is
actually partially positive. Even in 1TS, the “hydride” retains its
positive charge at 0.2e. In 1b, the “hydride” is nearly neutral,
which indicates that the charge from the rest of the complex has
been rearranged to repopulate electron density on the hydride.
From the charge on the β-C in 1b, it is evident that this atom
donated negative charge to the hydride and Pd. The charge on Pd
decreases by 0.1e, and the charge on β-C increases by 0.15e. In
the reactant and TS of 2 and 3, the β-hydride is highly
electropositive, as is expected for an atom bonded to electroneg-
ative atoms such as nitrogen and oxygen. In 2a and 3a the charge
on H is 0.4e and 0.49e, respectively. In the products, 2b and 3b,
the hydride’s charge is nearly neutral. Coincidentally, this agrees
quite well with a simple model of reactivity based on the relative
electronegativities of carbon, nitrogen, and oxygen. In 2a,b both
heteroatoms have drawn electron density away from the hydro-
gen, yielding an electropositive H. Consequently, the hydrogen
will then have less electron density to provide an agostic bond to
the metal center. For 2 and 3, there is an energetic cost to transfer
the hydride to the metal, since the H absorbs negative charge
during bonding to palladium. The degree of charge on the H in
the 2TS and 3TS transition states suggests that these reactions are
more akin to proton transfers than hydride transfers. Just as in 1b,
in 2b and 3b the Pd center experiences a charge decrease and β-N
and β-O donate their negative charge to the hydride with the
remainder being drawn from the rest of the complex. The timing
of the charge redistribution is interesting: for 1, we see that the
β-H maintains its charge through the transition state. Only in
the product does charge redistribution occur. In 2 and 3, the charge
redistribution is gradual and we see that the β-H has lost positive
charge in the TS. This indicates that charge reorganization is a
prerequisite for BHE to occur in β-heteroatom species and that
Figure 5. Selected molecular orbitals of the Pd reactants and transition
states. The agostic interaction is plainly visible in 1a and 1TS, whereas the
lone pairs interact with the metal center in 2a and 2b. Compare the
molecular orbitals in 2TS and 3TS with the orbital in Figure 2c.
Table 2. Enthalpies for Ground State Structures Deformed
To Have the Same PdrβH Dihedral Angle as Each
Transition-State Structure
species MRβH angle (deg) enthalpy (kcal/mol)
2 21.1 26.5
3 21.6 7.9
4 28.6 36.0
5 42.4 14.9
7 16 30.3
8 36 13.0
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the prereorganization occurs on the upslope of the reaction
coordinate. This charge asynchronicity is a significant contributing
factor to the high barrier to BHE for ligands bearing β-heteroatoms.
Pt(II) Results. Our investigation continued with a study of
BHE to platinum(II), another d8 metal (Figure 6). The results
are consistent with those of palladium.
We did not find a “reactant” state for (1-methylethan-1-yl)-
Pt(H2O)Cl. This species minimized to a product structure
analogous to 1b, which indicates that there is no barrier to BHE.
The primary differences between BHE in platinum and
palladium are in the barriers to reaction. The barriers to reaction
are generally smaller for platinum, while the reaction is exother-
mic. The barrier to BHE for 4a is 26.5 kcal/mol. The barriers are
higher for the alcohol analogue: BHE from 5a is 37.4 kcal/mol
uphill with a product, 5b, energy of18.7 kcal/mol. The barrier
heights for the alcohol and amine analogues indicate that, like the
palladium example, lone pair interactions stabilize the reactants.
The importance of the lone-pairmetal coordination is ver-
ified by the geometry of the transition states in 4TS and 5TS. In
5TS, the Pt-Rβ-H dihedral angle is 42.4 in the transition state.
In 4TS, the PtRβH dihedral angle is 28.6. As before, this
suggests that there is a strong stabilizing interaction between the
lone pairs of the heteroatoms and the vacant coordination site on
the metal. To test the strength of this, we again fixed the dihedral
angle is at 0 in the reactants. The cost of rotating the lone pair
out of the coordination site for 4a and 5a is 33.9 and 14.3 kcal/mol,
respectively.
The significance of the lone-pairmetal interaction is also
reflected in the MOs. In 4TS, we find an MO that resembles
ϕBHE2, as described in Figure 2c. There is strong overlap between
the lone pair and the metal's vacant coordination site. In the
artificially planar reactant structure, this overlap is lost, and the
reactant is destabilized by 31.1 kcal/mol. A ϕBHE orbital is
created, although the overlap between the hydride and vacant
site is weak. The energy of this orbital is 29.4 kcal/mol higher
than that of the dxylp orbital in the fully relaxed reactant. This
increase in energy reflects the importance of the lone-pair
stabilization. Just as we did for our palladium complexes, we
measured the energy of each Pt reactant when the Rβ bond is
rotated so that the PtRβH dihedral angle matches the TS
angle. For 4a this cost 36 kcal/mol. The high cost of performing
this rotation demonstrates the strength of the lone-pair to metal
coordination energy.
The orbitals for 5a and 5TS are similar to those of 4a and 4TS.
An important difference is the strength of the oxygen lone-
pairmetal interaction. In the fully relaxed reactant, the lone pair
is strongly coordinated to platinum. This is verified by the high
cost of rotating the hydrogen into the Pt-Rβ plane: fixing the
PtRβH dihedral angle at 0 leads to the formation of a
ϕBHE orbital that is 51.4 kcal/mol higher in energy than the dxylp
orbital. This may seem to conflict with the fact that the planar
reactant is only 16.6 kcal/mol above 5a, but it does not. Because
oxygen has two lone pairs, there is partial lone-pair stabilization
even when the hydrogen is fixed in the planar reactant structure.
This fact also partially explains why the barriers to BHE from
oxygen are lower than that of nitrogen. The TS ϕBHE2 orbital is
significantly different than the ideal BHE case that is found in
1TS. Like 2TS, 3TS, and 4TS, in 5TS there is significant twisting
character in the imaginary mode of the transition state so we can
conclude that rotation of the terminal alcohol is largely respon-
sible for the barrier to BHE.
In all cases, the transition states are late and productlike. In 4TS
rPt 3 3 3H is 1.65 versus 1.52 Å in 5b, while rCN is 1.38 versus 1.35 Å
in the transition state and products, respectively. In 5TS rPt 3 3 3H
is 1.67 Å versus 1.52 Å in 5b, while rCO is 1.36 versus 1.28 Å in
the transition states and products, respectively.
In the Pt complexes we observe significant charge redistribu-
tion when the β-atom is N or O. The difference in charge on the
β-H between 4b and 4a is0.34e, and that between 5b and 5a is
Figure 6. Calculated reactant, transition state, and product structures
for the Pt-based compounds.
Table 3. NBO Charges (in Terms of e) for Selected Atoms along the Reaction Patha
reactant transition state product
species M X M H X M H X M H X
1 Pd C 0.50 0.20 0.58 0.49 0.20 0.58 0.40 0.05 0.42
2 Pd N 0.47 0.40 0.74 0.36 0.24 0.65 0.35 0.01 0.62
3 Pd O 0.57 0.49 0.66 0.42 0.30 0.55 0.47 0.04 0.57
4 Pt N 0.43 0.40 0.72 0.33 0.27 0.66 0.44 0.06 0.67
5 Pt O 0.52 0.50 0.65 0.33 0.33 0.61 0.51 0.04 0.58
6 Ni C 0.66 0.20 0.60 0.53 0.02 0.42 0.55 0.05 0.44
7 Ni N 0.63 0.40 0.76 0.51 0.17 0.66 0.55 0.13 0.64
8 Ni O 0.72 0.49 0.67 0.57 0.27 0.57 0.62 0.15 0.56
aX is the β-atom, H is the transferring “hydride”, andM is the metal. Note that for the systems in which X =N, O the transferring hydrogen loses a larger
amount of positive charge along the reaction coordinate. This is indicative of proton transfer rather than hydride transfer behavior.
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0.46e. For both heteroatoms, β-hydride elimination of an
electropositive hydrogen atom occurs, with charge being drawn
away from the β-atoms. Interestingly, Pt retains its charge
throughout the course of the BHE. Contrast this with Pd, which
loses positive charge. This is likely due to the fact that platinum
has a lower electron affinity thanNi or Pd. Between 4a and 4b the
β-N only increases by 0.05e, despite the fact that the hydride
decreases its charge by 0.36e. Similarly, between 5a and 5b, the
β-O only increases by 0.07e while the hydride decreases by 0.46e.
This cannot be related to the geometry of the products, since 2b
and 4b and 3b and 5b all have similar product geometries.
Nickel(II) Results. Our study concludes with an analysis of
BHE fromNi(II). Like platinum, the results presented here agree
with the results presented in the palladium section of this report
(Figure 7).
As expected, the barriers to BHE from Ni are generally higher
than that of Pd and Pt. The activation energy for BHE is 5.8 kcal/mol
for 6TS. Like 1a, 6a has an agostic Ni 3 3 3H interaction (rNi 3 3 3H =
1.67 Å). This agostic interaction helps to decrease the barrier
height for BHE by allowing partial Ni 3 3 3Hbond formation prior
to BHE. For 7TS the barrier is at a prohibitively high 35.3 kcal/mol.
As for the Pd cases, the 8TS activation energy is higher than taht
for the alkyl analogue but lower than that for the β-nitrogen
example: 8TS is 28.3 kcal/mol above the ground state.
The NiCNH dihedral angle for 7TS is 16, and for 8TS
the analogous dihedral angle is 36. As for the Pd and Pt cases,
this implies the importance of a stabilizing lone pair coordination
into the metal’s empty coordination site.
The importance of this interaction is reflected in the MOs of
the reactants and transition states. The saturated alkyl reactant,
6a contains a clear Ψ1
R orbital with the unique β-agostic
interaction that makes BHE facile. In the TS, we find a ϕBHE
orbital with strong Ni 3 3 3H bonding character.
When we fix the NiRβH dihedral in 7a angle to 0, a
ϕBHE MO is produced and the overall energy of the structure is
25.5 kcal/mol higher in energy than the fully relaxed reactant.
The importance of the lone pair stabilization is also demon-
strated in 8a as well. In this case, it costs 6 kcal/mol to rotate the
lone pair out of the vacant site. Again, the dxylp orbital in the
reactant is the most stable of the canonical orbitals. When the
NiRβHdihedral angle is fixed at 0, the ϕBHE orbital is 70.8
kcal/mol greater in energy than the dxylp orbital. Again, we
stress that the only way to prepare a BHE orbital is by twisting the
hydrogen into the proximity of the empty coordination site, and
this twisting motion is present in the imaginary mode of the
transition state.
The product structures are all similar. Furthermore, 6TS, 7TS,
and 8TS all have productlike transition states, as indicated by the
similarity between the NiH and Rβ bond lengths (see the
Supporting Information for structures).
We found that the Ni complexes behaved like the Pd com-
plexes with regard to charge redistribution when we examined
the NBO charges for the Ni BHE reaction coordinate. For the
NBO charge population details, see Table 3. In 6a, 6TS, and 6b
we observe that the hydride retains its 0.2e charge through the
transition state but it then decreases to0.05e in the product 6b.
In the Ni complexes the product H is truly a hydride. Between 6a
and 6b, Ni decreases by 0.11e, while β-C increases by 0.16e. For
BHE starting from 7a and 8a, we find that the hydrogen loses
significantly more positive charge while the heteroatoms accu-
mulate positive charge. Over the course of BHE, β-N and β-O
gain 0.12e in 7b and 8b, respectively. A for BHE from 6a, Ni in 7
and 8 loses 0.8e and 0.1e, respectively. As stated earlier, the
necessary redistribution of charge to the heteroatoms is unfavor-
able and energetically costly. This fact, in conjunction with the
geometric changes that are also necessary, leads to the high
barriers to BHE from heteroatom functional groups.
The barrier heights for both the β-nitrogen and β-oxygen
analogues indicate that traditional BHE is not energetically
feasible for heteroatom functional groups of Ni(II) square planar
complexes.
Comparing the results of Pd, Pt, and Ni shows that all three of
these group 10 metals behave similarly. While the barrier heights
decrease as one moves down this group, the trends among their
BHE reactivity and chemical character are consistent.
IV. CONCLUSIONS
For all three transition metals, the calculated energies indicate
that the barrier to BHE from β-heteroatoms is significantly higher
than the barrier when the β-atom is carbon. These energies cor-
respond to true BHE's, and they represent the energetic cost of
tranferring a hydride in the manner traditionally depicted by
organometallic chemists. This is not to say that transferring a
hydride from a heteroatom functional group is impossible. Instead,
we wish to suggest that the chloride-mediated reductive elimina-
tion mechanism presented in our previous work is a more likely
candidate.23 Another possible route might involve deprotonation
of a precursor amine- or alcohol-bearing ligand to form an
anionic imino, aldehyde, or ketometal complex such as
[(NH2CR2)M] + B
f BH + [(NHdCR2)M]
 or [(HOCR2)-
M] + B f BH + [(OdCR2)M]
. The work presented here
indicates that the scope of BHE's should be limited to β-atoms
that do not contain lone pairs.
We found that the cost of breaking the lone pair to metal
interaction for cases where the β-atom contains a lone pair is
largely responsible for the increased activation energy for BHE
from these compounds. Furthermore, in these cases the “hy-
dride” is more electropositive in the reactant than in cases where
the β-atom is carbon. After BHE, the transferred H is nearly
Figure 7. The calculated reactant, transition state and product struc-
tures for the Ni based compounds.
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charge neutral. In all cases the β-atom donates charge to the
transferring H atom. Ni and Pd lose positive charge density after
BHE while Pt retains its charge throughout the course of the
BHE. Electronegative β-atoms decrease the strength of any
agostic interaction that might exist in the TS, and the presence
of lone pairs in these atoms assures that a lone-pairmetal dative
interaction will exist in the reactant. The results presented herein
suggest that the organometallic mechanism we commonly refer
to as β-hydride elimination ought to be called β-proton elimination.
We also note that we attempted to calculate the barriers to
BHE from the second-period main-group elements Si, P, and S.
In all cases there was no barrier to BHE, owing to the fact that the
BHE reactant is not a stationary point for these molecules. In
each case the geometry optimization of the reactant converged to
the BHE product.
Given the molecular orbital picture for BHE, we can rule out
the possibility of facile BHE fromβ-heteroatoms, and this effectively
sets the scope of reagents that are susceptible to BHE. Of course,
the lack of experimental evidence for BHE from β-heteroatoms is
indirect evidence of this fact, but without a detailed theoretical
treatment, there was no way to be sure of this.
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